ABSTRACT: Amorphous carbon (a-C) has the potential to provide properties important to solar photovoltaics that are comparable to those of silicon-based materials with further advantages such as low cost, solution processing, air stability, and higher thermal resistance. We employ accurate computational approaches to explore and understand active layers based on bulk heterojunctions containing a-C. Our results show that interfaces with a-C and other carbon nanostructures could enable successful electron and hole extraction as well as reduced sources for carrier recombination. Ab initio molecular dynamics and density functional theory calculations are carried out for a large statistical set of interfaces between a-C structures of different densities and either carbon nanotubes or fullerenes. We show that the energy alignment at such interfaces can be widely tuned as a function of a-C density, doping chemistry, or nanostructure size to obtain type-II heterostructures and that the optical properties of such interfaces would be highly favorable for sunlight harvesting.
A mong the many active layer materials used in thin-film photovoltaic (PV) devices, combinations of carbon nanomaterials such as graphene, carbon nanotubes (CNTs), fullerenes, and amorphous carbon (a-C) have received recent attention. 1−4 The advantages of such "all-carbon" (or more accurately, "mostly carbon") active layers include low cost, solution processing, air stability, high thermal resistance, excellent light absorption, and widely tunable electronic properties. 3, 5 For example, controlling the relative amounts of sp 2 and sp 3 hybridization 6 in a-C enables broad tunability of the optical properties, leading to sunlight absorption efficiencies comparable to amorphous silicon. 1 Solar cells based on carbon nanomaterials have been explored both computationally and experimentally, with results showing broad spectral absorption and high carrier mobility as well as thermal, chemical, and optical stability. [2] [3] [4] 7, 8 In general, in these devices the all-carbon photoactive layer consists of semiconducting single-walled carbon nanotubes (SWCNTs) as light-absorbing component and charge-donating (donor) material interfaced with fullerene derivatives as charge-accepting (acceptor) material. [2] [3] [4] 7, 9 Such cells generally have a power conversion efficiency (PCE) <1% for near-infrared illumination, but accurate geometry optimization has led to a record-high efficiency of 3.1%. 10 However, SWCNTs are typically mixtures of different tubes with various chiralities and nonhomogeneous diameters, making control over the bandgap difficult, thus reducing device performance and limiting scalability. This scenario motivates the search for bulk carbon materials possessing the same desirable features of carbon nanomaterials coupled to large-scale manufacturability and low cost. In this respect, amorphous carbon (a-C) represents an appealing candidate because it can be routinely deposited in thin-film form with accurate control of its structural and chemical properties. Indeed, although application of a-C in solar cells has been very limited thus far, the structure, bonding, stoichiometry, and hydrogen content of a-C have been correlated with properties linked to PV performance. 1 Here we report a computational study of a-C to be employed as active PV layer in bulk heterojunctions (BHJs). Of particular relevance is whether a-C-based materials would enable successful electron or hole extraction as well as reduced sources of carrier recombination, possibly substituting the electron acceptor or donor in all-C BHJs. We carry out ab initio molecular dynamics (MD) and density functional theory (DFT) calculations for a large statistical set of interfaces between a-C at different densities and two types of carbon nanostructures (semiconducting SWCNT with (10,0) chirality and fullerene C 60 ) with the aim of relating the optoelectronic and PV properties of the interfaces to the density and structure of a-C. We also considered a-C doping to further engineer the heterostructure. In particular, we incorporated nitrogen (ntype) and boron (p-type) atoms in a-C samples. Here we consider only a-C because the hydrogenation has only a minor effect on optoelectronic properties. 1 Using DFT, the structural features such as the density and fraction of sp 2 -and sp 3 -hybridized C atoms are correlated with the electronic structure and photon absorption of the interface structures.
Our results show that the energy alignment between the a-C mobility edges and the occupied and unoccupied states of the SWCNT or C 60 can be selected by varying the a-C density and doping to obtain a type-II interface. This is a crucial prerequisite to separate electron/hole charges and generate a photocurrent given the large exciton binding typical of these materials. Taken together, our results suggest that a-C represents a promising active layer component for carbonbased solar cells.
The amorphous bulk structures were prepared using a multistep protocol: The atomic positions were initially randomized using the algorithm from Wooten, Winer, and Weaire; 11 once randomized, the a-C samples were annealed at 5000 K (above the diamond and graphite melting temperatures 12 ) for 3 ps using first-principles MD and subsequently cooled to 300 K over 0.3 ps and then further equilibrated for 3 ps. 13 First-principles MD calculations were based on DFT, as implemented in the Vienna Ab-initio Simulation Package (VASP).
14 In brief, the Kohn−Sham Hamiltonian of the system included projector-augmented wave pseudopotentials to describe the core−valence electron interaction 15, 16 and the local density approximation (LDA) of the exchange-correlation potential. 17 The Kohn−Sham wave functions were expanded in plane waves with a kinetic energy cutoff of 350 eV, the Brillouin 
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Letter zone was sampled at the Γ point, and the NVT ensemble was adopted in MD simulations. The high annealing temperature and the fast quench rate were here utilized for computational efficiency. Trends in the resulting structures are in good agreement with previous computational and experimental work. 1, 18, 19 All final structures were relaxed within DFT to <10 −4 eV/Å in the residual atomic forces. The a-C bulk structures are generated in cubic supercells containing 216 C atoms for a range of densities from 2.0 to 3.5 g/cm 3 with increments of 0.25 g/cm 3 for a total of seven different densities. Each simulation cell has a variable dimension ranging between 12.91 and 10.71 Å. 20 Doped a-C structures were obtained by randomly removing one, two, or three C atoms from the supercell and replacing them with atoms of a different element (nitrogen or boron); this is equivalent to dopant concentrations of 0.46, 0.93, and 1.38%. 21−23 Surface structures of amorphous carbon were obtained by cleaving from the bulk structure slabs of 10 Å thickness and hydrogenating the two generated surfaces to saturate dangling bonds. Calculations were performed in orthorhombic supercells containing the a-C slab and a vacuum region >15 Å to avoid spurious interactions between periodic replicas. Subsequently these slabs were used to build interfaces both with fullerene and with a (10,0) SWCNT, which can be considered prototypical test cases of semiconductor−semiconductor junctions between C-based nanostructures and a-C. The Brillouin zone for these interface systems was sampled employing a 2 × 1 × 1 Monkhorst−Pack 24 mesh to account for the SWCNT periodicity. To obtain meaningful statistical averages of the electronic properties of the interfaces, we prepared 10 samples for each a-C density (both with fullerene and SWCNT) and dopant species/concentration. Electronic and optical properties reported were obtained using LDA, although we also verified for some of the final structures that employing the HSE06 hybrid exchange functional 25, 26 does not qualitatively alter the trends obtained using LDA (in particular, the level alignments of the heterostructures). Optical absorption spectra were computed within the independent-particle approximation using the Kohn−Sham eigenvalues and wave functions and including up to 1000 empty bands. Convergence with respect to all computed properties was carefully verified.
The structural properties of the a-C slabs used to represent a-C surfaces were analyzed in terms of the radial distribution function, carbon coordination number, and sp 3 /sp 2 ratio. Our analysis indicates that the fraction of sp 3 -, sp 2 -, and sphybridized C atoms depends strongly on the density of the sample. In agreement with previous work, 1 the sp 3 fraction increases from 10 to 90% as the density increases toward that of diamond, while the fraction of sp 2 atoms decreases from 80 to 10% over the same interval. The sp fraction is minimal, and appreciable values of 5−10% are present only at densities close to that of graphite. Our observation of sp 3 hybridization at increasing densities is consistent with experimental studies of a-C. 18, 19, 27, 28 We observe a tendency of sp 3 C atoms to form distorted tetrahedra arranged in a 3-D network, while sp 2 C atoms preferentially arrange in planar clusters such as chain or ring units with fewer than 10 C atoms. At higher densities close to that of diamond, the structures present fewer dangling bonds. At lower densities close to that of graphite, the corresponding structures show a larger fraction of dangling bonds.
Interfaces containing a-C slabs are formed by placing a C 60 or a (10,0) CNT at a distance of 4 Å from the a-C surfaces and fully relaxing the system. Typical configurations of C 60 and SWCNT on a-C are represented in Figure 1a ,b. Calculations show that C 60 and SWCNT adsorb at all considered surfaces, reducing the distance between a-C and the nanostructure to ∼3 Å, slightly less than the equilibrium graphene/graphene distance calculated with LDA, with average binding energies 29 of 0.80 ± 0.07 and 0.95 ± 0.04 eV per cell for the SWCNTand C 60 -based systems, respectively.
To provide insight into the electronic properties of these interface systems, the density of states (DOS) and projected DOS (PDOS) were calculated and averaged over the 10 samples for each a-C density (Supporting Information Figures  S2 and S3) . For a-C samples with higher densities (ρ ≥ 3.00 g/ cm 3 ), we predict a band gap of ∼4 eV, close to the LDAcalculated gap of diamond (4.1 eV 30 ). For a-C samples characterized by lower ρ, an increasing number of states associated with sp 2 hybridization appears within the gap established by the sp 3 framework. Analysis of the PDOS shows that the valence band maximum and conduction band minimum values for ρ ≤ 2.75 to 3.00 g/cm 3 are contributed mostly by p states of the sp 2 C atoms, while s and p states of sp 3 C atoms are found at energies lower (higher) than the valence (conduction) band maximum (minimum). In particular, at densities <3.00 g/cm 3 , we observe the formation of extended π states contributed by p states from the sp 2 C atoms that give rise to closure of the gap as the sp 2 fraction increases for structures with lower densities.
In the a-C/SWCNT systems, the SWCNT lowest unoccupied molecular orbital (LUMO) is located within the a-C energy gap, slightly above the Fermi energy (E F ), whereas the highest occupied molecular orbital (HOMO) falls ∼1 eV below E F (See Figure 1d) . The average energy gap (ΔE LUMO−HOMO ) of the SWCNT is 0.87 ± 0.02 eV, larger than that of the isolated (10,0) SWCNT calculated at the same level of theory (ΔE isolated LUMO−HOMO = 0.82 eV). Similarly, for the C 60 /a-C systems the C 60 LUMO states lie immediately above E F , while the C 60 HOMO appears 1 eV below E F (See Figure 1c) . In these systems, the average C 60 ΔE LUMO−HOMO is 1.33 ± 0.01 eV, again slightly larger than the isolated C 60 gap (1.27 eV).
Figure 1e−h represents the charge density isosurfaces associated with KS states of different energies for the SWCNT/a-C interface for ρ ≈ 3.00 g/cm 3 . We observe that the localization of the orbitals originating from a-C strongly correlates with the energy position of KS states with respect to E F . States with energy near E F are typically spatially localized over a few C atoms and associated with the presence of unpassivated bonds within the amorphous network. Moving into the valence (conduction) band, we observe progressively more delocalized states. Such states of semidelocalization (Figure 1g ) are associated with disorder or strain due to bond and angle distortion. States extending over the entire a-C region originate from energy levels deep inside the valence and conduction bands (Figure 1e ). The frontier orbitals of both SWCNT and C 60 do not present any hybridization with the a-C substrate when interfaced with a-C (see Figure 1f −h). To determine the level alignment when an amorphous phase is involved in a heterostructure, it is crucial to recognize the states that mark the transition between localized and delocalized states in a-C because the latter states contribute efficiently to charge transport. These energies are referred to as the valence
Letter and conduction band mobility edges E Vμ and E Cμ , respectively, and their difference is the mobility gap, E μ = E Cμ − E Vμ , which can be considered similar to the energy gap in crystalline semiconductors. We compute the localization of KS states by employing the method based on calculating the inverse participation ratios (IPRs) and following the procedure reported in ref 31 . In this specific case, IPR is defined as IPR = 1/(∑ i 1/c i ) where the c i coefficients correspond to atomic contributions to the wave function of the -ith state, taking into account only the C-atom contributions belonging to a-C slabs. The IPR analysis shows sharp transitions for decreasing (increasing) energies in the valence (conduction) band, allowing us to identify the mobility edges and thus the mobility gaps. (See Supporting Informaiton Figure S4 for further details.)
The average mobility gap as a function of the a-C density is shown in Figure 2a for the SWCNT/a-C interfaces (mobility gaps for C 60 /a-C systems assume similar values to within 1%). The calculated E μ values fall in the range 0−5 eV and decrease monotonically as ρ moves from diamond to graphite densities. This trend is associated with an increasing overlap between π or π* states originating from C atoms belonging to the a-C slabs, in agreement with E μ calculated previously for bulk a-C structures using the HSE06 functional. 1 As demonstrated in ref 1, this variability highlights the possibility of tailoring the electronic properties of the interfaces by controlling the density of the sample. This result is in sharp contrast with amorphous silicon, for which E μ can be tuned only by a fraction of an electronvolt (<0.08 eV). 32 To allow efficient harvesting of solar energy in a BHJ cell, it is essential that charge separation occurs at the interface between the SWCNT or C 60 and a-C when an exciton is formed: This requires a type-II (staggered) heterostructure. In particular, for the systems studied here, E Cμ has to be sufficiently high in energy for efficient electron injection in the unoccupied fullerene states, while E Vμ should be positioned inside the fullerene or SWCNT band gap to avoid direct electron/hole recombination. In Figure 2b , we show the energy level alignments between a-C mobility edges and the fullerene (or SWCNT) HOMO and LUMO. It is apparent that the a-C E Vμ lies in the SWCNT (C 60 ) energy gap only for samples with density <3.00 g/cm 3 (2.75 g/cm 3 ), while E Cμ always lies at energies higher than the LUMO both for the SWCNT and C 60 . A type-II alignment is achieved at the SWCNT/a-C and C 60 /a-C interfaces only for a specific a-C density range, where a-C behaves as the donor and the fullerene or nanotube as the acceptor. To overcome the problems possibly arising from the presence of trap states between the a-C mobility edges and thus improve cell performances, we suggest to employ a-C active layers characterized by a thickness of the order of magnitude of the electron/hole diffusion length. ) at visible photon energies, which are comparable to the absorption in the best organic and inorganic absorbers employed in PV. 33−35 This feature also makes a-C-based interfaces excellent candidate materials for sunlight harvesting in BHJ devices. In particular, we observe that absorption in the visible energy range is mainly determined by interband transitions between π and π* states of the a-C, consistently with the electronic structure analysis 
Letter presented above. SWCNT-and C 60 -based interfaces with low a-C density present a large fraction of sp 2 C atoms and consequently show large absorption values due to the presence of extended π states. In contrast, samples with a-C densities >3.00 g/cm 3 and lower π conjugation show absorption onsets at higher energies and can absorb sunlight significantly only at energies larger than 2.5 to 3 eV. These trends suggest that lowdensity a-C-based structures, favoring extended π conjugation and forming type-II interfaces, are best for PV applications.
Optical absorption in these interfaces shows a slight blue shift of the peaks associated with the SWCNT and C 60 , in agreement with the electronic structure calculations and an overall increase in absorption intensity compared with isolated a-C absorption for samples with the same density due to the interaction between SWCNT and C 60 and a-C slabs. The blue shift is higher in samples with lower densities.
Having shown the applicability of a-C in all carbon-based PV cells, we now propose further optimization of these cells by engineering one of the components of the BHJ. We first consider doping of the a-C component; then, we study the effect of changing the blended nanostructure (namely, controlling the NT chirality).
Introduction of dopants (such as N and B impurities) in intrinsic a-C substrates strongly affects optoelectronic properties, as shown by our analysis of the structural and electronic properties (including DOS, PDOS, and mobility gap) of a range of doped samples. (See Supporting Information for details.) We found that the p-type (n-type) dopants add one or more unoccupied (occupied) states in the forbidden energy gap right above the valence band maximum (below the conduction band minimum), as reported in Figures S5 and S6 , without modifying the mobility gap of the undoped a-C material ( Figure S7) , and the Fermi level lies close to the impurity levels. Figure 3a ,b reports the dependence of the Fermi level 36 position as a function of the nominal n-and p-doping for a-C samples at different densities. Pure (a-Si) and hydrogenated (aSi:H) are reported for the sake of comparison calculated using the same approach. 37 At all densities, we observe a relatively large Fermi level shift as a function of the dopant chemistry. The effect in a-C is larger than that observed for doped a-Si and a-Si:H. In particular, the DFT results show a progressive reduction (increase) in energy of the Fermi level moving from values higher (lower) than 1 eV (−1 eV) with respect to the Fermi level position of the undoped samples when the n-type (p-type) dopant content decreases from 1.38 to 0%. A strong dependence on the a-C density is observed as well, with an increase of >1 eV as the density changes from that of graphite to more diamond-like. This means that when a-C materials and C-based nanostructures (such as SWCNT and C 60 ) are brought in contact, the Fermi levels align, giving rise to different band offsets. Therefore, besides the advantages of doped a-C such as more efficient charge transport and enhanced carrier mobility, it is possible to tune the band offsets controlling the doping concentration so as to design BHJ interfaces where the a-C material may act either as donor or as acceptor. Such doped a-C 
Letter films could also, in principle, be employed to realize a p−n junction, although this aspect of such materials will be the subject of future work.
A different way to tune the heterostructure and its energy alignment is to modify the acceptor phase. The bandgap of both fullerenes and SWCNTs is dependent on their size. 38 Figure 3d shows an example of how this tunability can be utilized in these interfaces. Here we plot the interface type versus SWCNT diameter (data for zigzag (n,0) nanotube bandgaps are taken from ref 38) . In this specific case, a Schottky interface (white area in Figure 3d ) is obtained either if the SWCNT diameter (d SWCNT ) is <5 Å or if a-C has a density <2.00 g/cm 3 . Type-I alignment (blue area) is typical of interfaces with high-density a-C or for SWCNT with band gap <0.05 eV (for example, with (12,0) and (15,0) CNTs). Finally, DFT results show that for specific chiralities, interfaces of type II (red area) can be realized with a-C ρ of ∼3.00 g/cm 3 . In conclusion, we established that the energy alignment between the a-C mobility edges and the occupied and unoccupied states of the SWCNT or C 60 can be widely tuned by varying the a-C density, the dopant content, and the nanostructure size to realize type-II interfaces. The employment of a-C films with lower density is to be preferred for undoped nanostructures. Our results suggest that a-C-based interfaces exhibit excellent sunlight absorption, in particular, interfaces with a-C ρ <2.75 g/cm 3 . In addition, we demonstrated that the heterostructures and their energy alignment can be further tuned, introducing dopants in a-C or changing the acceptor phase (as, for example, modifying SWCNT diameter). Doping also allows modulating the conductivity of the film, thus overcoming charge-transport issues typical of amorphous phases.
Taken together, our results demonstrate that a-C can be employed as an active layer material in PV. The successful preparation of a BHJ device based on a-C would require additional optimization steps, including a suitable device architecture with a-C active layer thickness of about the electron/hole diffusion length so as to reduce the carrier recombination that, as known, is one of the main issues in an amorphous structure. 39, 40 The new insights presented here may open up new opportunities for the optimization of a-C in this challenging area.
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